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ABSTRACT 
Tariq Alsahafi: In Vitro Wear of Bulk-fill Composite Resins After Thermo-mechanical Loading 
(Under the direction of Taiseer Sulaiman) 
Objective: To evaluate and compare the amount of volumetric wear of bulk-fill 
composite resin to conventional composite resin and human enamel after thermo-
mechanical loading.  
Materials and Methods: Five composite resins (n=10) were tested: four bulk-fill 
composite resins (Filtek One Bulk Fill [3M Oral Care], Tetric EvoCeram Bulk Fill [Ivoclar 
Vivadent], Tetric PowerFill [Ivoclar Vivadent], SonicFill 3 [Kerr Corp.]) and one 
conventional composite (Filtek Supreme Ultra [3M Oral Care]). Enamel from recently 
extracted teeth was used as control. Specimens were subjected to a 2-body volumetric wear 
evaluation using a chewing simulator (CS-4.8, Mechatronik). Disc-shaped specimens (3 
mm×10 mm) received 500,000 load cycles against steatite antagonists while simultaneously 
thermocycled (5,000 cycles, 5-55°C). Volumetric wear (mm3) was measured using the 
Geomagic Control X software (3D Systems) based on before and after Trios 3 (3Shape) 
digital scanner images of the specimens. Scanning electron microscope analysis of wear 
facets and composite resin fillers’ shape and size was performed. Volumetric wear was 
statistically analyzed using the one-way ANOVA and Tukey’s post-hoc test (α=0.05). 
Results: All tested composite resins wore at rates significantly higher than enamel 
(P<0.05). The mean volumetric wear of the composite resins ranged from 1.01 mm3 to 1.48 
mm3, while enamel had a mean volumetric wear of 0.25 mm3. Bulk-fill composite resins 
iv 
showed higher wear resistance than the   conventional composite resin.  
Conclusions: Under the study parameters, enamel was more resistant to wear then 
all composite resins tested. Bulk-fill composite resins presented higher wear resistance than 
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CHAPTER 1: REVIEW OF THE LITERATURE 
1. Introduction 
Composite resins are among the most commonly used dental restorative materials and have 
been in clinical use for nearly 50 years. They were first made available in the late 1950s and early 
1960s. Composite resins have met the demands of dentists and patients for esthetic outcomes in 
direct restorations.1  
Composite resins necessitate incremental placement to address one of the most serious 
issues with these materials: the stresses associated with polymerization shrinkage. For 
conventional composite resin, manufacturers recommend a maximum of 2-mm increments. This 
ensures proper polymerization and a high degree of conversion while decreasing stresses. This 
technique has some drawbacks, including technique sensitivity, time consumption, and possible 
contamination between the layers. 2 
Another major concern with composite resins is their resistance to wear. This concern is of 
superior importance when these materials are placed in posterior teeth. Occlusal forces and 
parafunctional habit can result in loss of the material.   
Bulk-fill composite resins were introduced to overcome some limitations of conventional 
composite resins. These materials can be placed in larger increments (4-6 mm) and claim to have 
better mechanical properties and wear resistance. Bulk-fill composite resins come in different 
viscosities. Low viscosity bulk-fill composite resins require to be capped by a thin layer of
2 
conventional composite resin as they are not sufficiently strong to withstand masticatory forces 
while high viscosity bulk-fill composite resins can be placed without capping.3  
 Laboratory thermo-mechanical fatiguing is a valid method to collect information about the 
wear resistance of composite resin by simulating the oral environmental challenges these materials 
face.4 
Wear resistance of resin composites have received more attention as more posterior 
composite resin restorations are placed. The properties of the fillers within the composite resins 
have been linked to the wear resistance of these materials. Wear is prescribed as a complex process 
and not all composite resins behave similarly.5,6 Therefore, the purpose of this study was to assess 
and compere the wear resistance of conventional and bulk-fill composite resins to enamel.  
2. Literature Review 
2.1.   Development of Dental Composite Resins 
 Composite resins were first invented by Rafael Bowen in 1957 in the pursuing of a dental 
material that possessed a coefficient of thermal expansion equivalent to that of tooth structure, 
adhesion to the tooth, color stability, and insolubility in the oral environment. 7 The Glossary of 
Prosthodontics defined composite resin as a highly cross-linked polymeric material reinforced by 
a dispersion of amorphous silica, glass, crystalline, or organic resin filler particles and/or short 
fibers bonded to the matrix by a coupling agent. Resin-based dental composite resins are dental 
restorative materials used to restore teeth affected by caries, non-carious cervical lesions, wear, 
fracture, and other reasons. 8,9 
Bowen described a monomer named bisphenol-A diglycidyl methacrylate (bis-GMA;(2,2-
bis[4-(2-hydroxy-3-methacryloxypropoxy)phenylpropane)) and the successful synthesis of 
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composite resin by adding inorganic fillers. It contained 25% by weight of polymerizable 
monomer and 75% by weight of a glass-derived fillers. Bis-GMA is also known as Bowen’s 
monomer.10 Also, Bowen described a method of bonding filler particles to the highly polymerized 
resin matrix using organic silanes, or coupling agents, which greatly improved the physical 
properties of the material.11 
Prior to the introduction of composite resins, direct esthetic restorations were made with 
silicate cement and PMMA. Silicate cements exhibited poor physical properties and high 
solubility. PMMA restorations were esthetic and highly polishable but they had poor color stability 
and increased thermal expansion/contraction resulting in marginal gaps due to polymerization 
shrinkage. Composite resins overcame many of the above-mentioned materials’ limitations.12 
  Composite resin materials have gotten a lot of attention from scientist and have been the 
subject of extensive research. A simple search for “dental composite resins” on the MEDLINE 
database search engine “www.ncbi.nlm.nih.gov/pubmed/” yields over twenty thousand published 
articles. Composite resins are now among the most commonly used dental restorative materials. 
Also, composite resins have improved through the years in regard to their filler size, curing mode 
and application. (Figure 1.1) 
Figure 1.1: Evolution of composite resins. 13 
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2.1.1. Resin Matrix 
 The resin matrix of composite resins contains: a monomer system, an initiator system for 
free radical polymerization, and stabilizers which are added to maximize the storage and chemical 
stability of uncured composite resins.14 Once the composite resin is cured, the resin monomers 
transform into a polymeric matrix. A polymer is a large molecule formed by the repeated bonding 
of many smaller units called monomers. The process by which monomers are joined together and 
converted into polymers is called polymerization. Polymerization of the resin matrix can be 
achieved through chemical activation (polymerization reaction begins when two pastes are mixed) 
or light activation (polymerization reaction begins when exposed to curing light at a certain 
wavelength).  
 Bis-GMA and UDMA are the most commonly used monomeric matrices in composite 
resins today. Bis-GMA is a methacrylate-based epoxy resin composed of 2,2-bis[4-(2-hydroxy-
3-methacryloxypropoxy)phenylpropane). It is similar to epoxy resin, except that the epoxy 
groups are replaced by methacrylate groups. It has a high molecular weight (512 g/mol) and 
viscosity which is reduced by the addition of lower molecular weight dimethacrylate monomers 
to achieve a viscosity suitable for incorporating fillers. UDMA is another common monomer 
used in composite resins. It has a high molecular weight (470 g/mol) and behaves similarly to 
bis-GMA. The most common diluent used in composite resins is TEGDMA. It has molecular 
weight of (286 g/mol). The addition of the diluents contributes significantly to the 
polymerization shrinkage due to their low weight.15 
There have been attempts to introduce monomers with lower volumetric shrinkage. Filtek 
Silorane (3M Oral Care) was introduced in 2007 based on silicone-epoxy monomer (Silorane). 16 
The silorane matrix is formed by the cationic ring-opening polymerization of the silorane 
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monomer. This is in contrast to the linear chain reaction of methacrylates, which is cross-linked 
via radicals. This change in composite resin chemistry and polymerization reaction resulted in a 
significant reduction in the polymerization shrinkage to a level less than 1.0% of the total 
volumetric shrinkage. 17 Commercially, these materials are marketed as low shrinkage composite 
resins with increased hydrophobicity and stability. 
2.1.2. Filler Particles 
 The filler particles are an important component of composite resins that provides strength, 
increases wear resistance, and reduces polymerization shrinkage and thermal expansion. Fillers 
also control the viscosity of the composite resin and provide radiopacity to the material. Composite 
resins contain organic and inorganic filler particles. Generally, fillers occupy between 30% to 70% 
of the volume or 50% to 85% of the composite resin weight. 12  
The organic filler particles are present in the form of finely ground pre-cured resin particles. 
The inorganic filler particles are usually transparent minerals of spherical or irregular shape and 
ranges in size from 0.005 to 100 µm. These particles include quartz, silicates, ytterbium fluoride, 
glasses of lithium, barium, zirconium, strontium, and zinc. Contemporary composite resins are 
commonly classified based on the size or the combination of sizes of the reinforcing filler particles. 
Figure 1.2 depict a classification of contemporary composite resin based on filler size. 12 
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Figure 1.2: Classification of composite resins based on filler particles size. 13 
While the addition of filler particles improves the physical properties of composite resins, 
it is limited to a certain viscosity at which adding more fillers renders the material unworkable. 
Filler load of above 80% result in composite resins of very high viscosity. The size, shape and 
percentage of filler particle vary in different composite resin materials and are specific for different 
clinical indications. Composite resins with high filler content have improved strength, volumetric 
shrinkage, thermal expansion and contraction, handling properties and water sorption. Composite 
resins with low filler volume have better workability, adaptation and improved polishability. 
 Randolph and colleagues proposed an alternative classification based on the volume of 
inorganic filler content. In that classification, a composite resin containing less than 50% of filler 
is classified as ultra low-fill, between 50 and 74% as low-fill, and above 74% as compact. 18 
2.1.3. Coupling Agents 
 Filler particles contribution to the physical properties of composite resins depends on their 
bond to the resin matrix. The resin filler interface influences the physical properties of the material. 
Coupling agents are chemicals responsible for bonding filler particles to the resin matrix. 
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Organosilanes, such as γ-methacryloxypropyl trimethoxysilane, are the most used coupling agents 
in composite resins. Organosilanes are a unique class of organic silicon compounds that have a 
hydrolytically active silicon-based functional group. They can react with both inorganic and 
organic substrates as well as with themselves and other silanes by complex hydrolysis-
condensation reactions to form a variety of hybrid organic-inorganic structures.19 
2.1.4. Initiator-accelerator System 
 Polymerization results in the final solid phase of composite resins. Polymerization occurs 
as a result of an addition polymerization reaction that is initiated by free radicals. Free radicals can 
be generated either through chemical or light activation. In 1976, Bassoiuny placed the first visible 
light cured composite resin.20 Majority of contemporary composite resins are photo-activated by 
visible blue light in clinical setting. Blue light within the wavelength of 420-560 nm is capable of 
initiating the polymerization reactions.  
 Chemically activated composite resins consist of two tubes, each containing a different 
paste. Polymerization occurs when both pastes are mixed. The tubes contain benzoyl peroxide 
initiator and aromatic tertiary amine activator (N, N-dimethyl-p-toluidine). When both pastes are 
mixed, the benzoyl peroxide initiator and the aromatic tertiary amine activator will produce free 
radicals and the polymerization starts.21,22 Since the polymerization of these chemically 
polymerized composite resins depend on mixing the two tubes, a risk of incorporating air in the 
mix compromise the integrity and strength of the restoration. Another disadvantage of these 
materials is the lack of control over the working time.   
Light-polymerized (photo-cured) composite resins do not need to be mixed, cure on 
demand, and provide better color stability. The polymerization reaction of these materials is more 
rapid than that of chemically polymerized composite resins.12 A photopolymerization reaction 
8 
involves a photo-initiator system, a polymerizable medium (monomers), and a light source, with 
a strong interplay between them.23,24 The photoinitiator used in the majority of commercially 
available composite resins is camphorquinone (CQ) which react with a co-initiator that generates 
a free radical capable of initiating the polymerization reaction. This co-initiator, which is typically 
a tertiary amine such as DEAEMA, oxidizes overtime. The oxidation of the co-initiator changes 
the color of the resin and may have a long-term effect on color stability of composite resin 
restorations.25 Only small amounts of photo-initiator (about 0.2% by weight or less) are required 
for proper light polymerization. The concentration of photo-initiator and co-initiator are major 
factors that influence polymerization of composite resins, with higher concentrations generally 
result in better conversion.26 
Curing light can polymerize a 2mm thick layer of conventional composite resins.27 
Therefore, deeper restorations must be placed in multiple increments to insure adequate 
polymerization. Recently, a new category of composite resins was developed, allowing for larger 
increments of 4-6 mm to be placed, which will be discussed later in the manuscript.  
 Inhibitors are added to prevent unintended polymerization by visible light and increase 
shelf-life. A commonly added inhibitor is BHT. BHT’s anti-oxidant properties help improve shelf-
life and operatory light stability, and working time during chair-side placement, but it may also 
affect polymerization kinetics and degree of polymerization.28 Free radicals are terminated by 
reaction to the phenolic hydrogen in the BHT molecule inhibiting polymerization of the light-cured 
composite resins until all the BHT molecules are consumed.29 Inhibitors have a direct impact 
polymerization shrinkage stress. 
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2.2.   Polymerization Shrinkage Stress 
As they polymerize, composite resins go through volumetric shrinkage. This occur as a 
result of monomers approximation during polymerization, as the distance between monomers is 
reduced due to the conversion of the weak Van der Waals forces into covalent bonds.30 Depending 
on the formulation and curing conditions, composite resins typically exhibit volumetric shrinkage 
ranging from less than 1% up to 6%.31,32 This volumetric shrinkage leads to a major problem 
associated with composite resins, which is polymerization shrinkage stress. The stresses are 
generated at the tooth-restoration interface while the material is undergoing shrinkage in a confined 
cavity wall. This type of stress was first described by Bowen in 1967. 33  Many potential clinical 
complications (Figure 1.3) can result from polymerization shrinkage stress. These may include34–
49:  
• Cusp deflection,  
• Fracture of enamel margins,  
• Debonding,  
• Micro-cracking of the shrinking composite,  
• Microleakage,  
• Post-operative sensitivity,  
• Secondary caries and  
• Pulpal irritation.  
10 
 
Figure 1.3: Potential clinical complications due to polymerization shrinkage. (Courtesy of 3M 
Oral Care)  
Several factors influence the magnitude of shrinkage stresses, including the composite 
resin formulation, curing light intensity, and the configuration factor or C-factor. The formulation 
of composite resins is controlled by the manufacturer and influences shrinkages stresses by the 
nature of the monomer and filler size, shape, and loading.50 The C-factor, which is defined as the 
ratio of cavity bonded surfaces to unbonded surfaces, plays an important role in determining the 
amount of shrinkage stresses.51 
Various clinical methods have been proposed to reduce the shrinkage stress, such as the 
control of the curing light intensity, flowable resin liner application, indirect restoration, and 
incremental layering techniques. However, no method has demonstrated to be completely effective 
in mitigating the effects of polymerization shrinkage stress.52  
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2.3.   Incremental Placement  
  Conventional light polymerized composite resins increment maximum thickness is 
impacted by the material composition and shade. To ensure adequate polymerization and minimize 
polymerization shrinkage stress, incremental placement techniques were introduced.  Furthermore, 
incremental placement allows optimal adaptation to cavity walls. By subdividing the cavity into 
smaller areas, incremental placement reduces the C-factor and allows for more stress relief by 
external flow. This technique also improves the physical properties by ensuring adequate light 
polymerization of each increment.53  
 Incremental placement of composite resins can produce predictable outcomes, but the main 
disadvantages of this technique are time consumption and technique sensitivity. Contamination 
between the increments is another major concern. 
2.4.   Bulk-fill Composite Resins 
 Restoring deep cavities require placement of conventional composite resins in increments 
of not more than 2 mm in thickness to ensure proper polymerization and minimize resultant stress. 
(Figure 1.4) A new class of composite resins with increased increment thickness have been 
marketed, the so-called “bulk-fill” composite resins. The first marketed bulk-fill composite resin 
was SDR (Smart Dentin Replacement) by Dentsply Sirona. SDR is a low viscosity bulk-fill that 
was introduced in 2009.54 Manufacturers have since developed a variety of bulk-fill composite 
resins with varying viscosities. They have been marketed as materials that can be placed and cured 
in increment depths between 4-6 mm. This advancement in composite resin technology reduced 
the placement time and technique sensitivity. These materials have been reformulated to allow for 
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greater curing depth and reduced shrinkage stress, allowing for bulk placement without 
compromising marginal integrity or physical properties.55  
Figure 1.4: Conventional vs bulk-fill composite resin placement techniques. 3 
2.4.1. Depth of Cure of Bulk-fill Composite Resins 
The depth of cure is the maximum depth to which the light can harden the material. The 
primary benefit of bulk-fill composite resins is that they can be cured in thicker increments while 
maintaining consistent physical and mechanical properties. Different methods were followed by 
different manufacturers to increase the depth of cure of bulk-fill composite resins. These methods 
include adding photoactive monomers to the resin matrix, more potent photo-initiators such as 
Ivocerin, and increasing the translucency of the materials. 56,57 Modifications to the filler particle 
size and shape were carried out by manufacturers to achieve a refractive index similar to that of 
the resin matrix.58 The majority of bulk-fill composite resins are more translucent to blue light than 
conventional composite resins. However, their increased translucency makes them less suitable 
for anterior restorations.57  
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Many studies have been conducted to test the depth of cure of bulk-fill composite resins, 
but the results have been contradictory.2,59–61 The variation in the results of these studies can be 
contributed to the different composite resin types, testing methods and light curing units used. 
Based on the various testing methods, it is possible to conclude that bulk-fill composite resins have 
sufficient depth of cure that meets the manufacturers’ claims.58,61–63 
Bulk-fill composite resins can be mainly categorized into two groups: low viscosity bulk-
fill materials and high viscosity bulk-fill materials. Another category is variable-viscosity bulk-fill 
composite resins, which are highly filled bulk-fill composite resins that are capable of changing 
their viscosity. This category is not very common and represented by SonicFill (Kerr Corp., USA) 
which changes its viscosity through sonic activation. Bulk-fill composite resins differ greatly in 
both composition and use. 
2.4.2. Low Viscosity Bulk-fill Composite Resins 
 Low viscosity bulk-fill composite resins (also known as bulk-fill flowable composite 
resins) are low viscosity materials that facilitate placement and adaptation in less accessible tooth 
preparations. These materials have low filler content and high amounts of resinous components 
that result in a material with lower wear resistance.64 
 A low filler load not only has an impact on the material's wear resistance, but it also has a 
negative esthetic impact due to increased translucency. As a result, their clinical use is limited to 
that of a base, a concept known as “dentin replacement materials”. These materials can fill the 
majority of a large cavity, and the top 2 mm of the cavity is capped with a conventional composite 
resin. The outer layer of conventional composite resins is necessary for improved esthetics and 
wear resistance.65 
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The impact of these materials' low filler content and large increment allowance on their 
physical and mechanical properties has been moderately studied and compared to other types of 
composite resins. In vitro studies have consistently shown that low viscosity bulk-fill composite 
resins polymerize to the proposed curing depths.66–69 The elastic modulus of low viscosity bulk-
fill composite resins is either similar or lower than that of conventional composite resins. These 
materials exhibited softening when stored in ethanol for 24 h, which indicates the presence of 
plastifying monomers that are necessary for shrinkage stress reduction. Therefore, it is imperative 
to cap those materials with a layer of conventional composite resins.70 All low viscosity materials 
fulfil the ISO 4049/2009 requirement for flexural strength, which requires a value of at least 80 
MPa. 66,67 
Polymerization volumetric shrinkage of low viscosity bulk-fill composite resins was found 
to be generally higher than that of conventional composite resins. The average polymerization 
shrinkage value, which has insignificant impact on volume, ranges from 2.76 to 4.4.30,62,67 
Manufacturers have used different formulations to reduce the resultant polymerization stress 
exhibited on the tooth. The mean polymerization stress values of low viscosity bulk-fill composite 
resins ranged from 1.07 MPa to 1.65 MPa, which was found to be lower than that of the 
conventional composite resins.27  
2.4.3. High Viscosity Bulk-fill Composite Resins 
 The other major category of bulk-fill composite resins is high viscosity bulk-fill composite 
resins. These materials have a paste-like consistency and can be packed and sculpted with hand 
instruments. Due to their high amount of inorganic filler particles, these materials maintain 
physical properties, mechanical properties, and wear resistance comparable to that of conventional 
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hybrid composite resins. High viscosity bulk-fill composite resins can be placed to restore without 
the need to be capped with a conventional composite resin.64   
 High viscosity bulk-fill composite resins are considered one of the most recent 
advancements in composite resins. There is limited scientific literature on their properties and 
clinical outcomes. Most laboratory studies are in agreement that the physical and mechanical 
properties of high viscosity bulk-fill composite resins are comparable to those of their high 
viscosity conventional composite resins, making them suitable for posterior restorations.71,72 
  All high viscosity bulk-fill composite resins fulfil the ISO 4049/2009 requirements for 
flexural strength. Compressive strength and tensile strength values were found to be lower than 
those of conventional composite resins, but no clinical significance was reported.31 
The wear of high viscosity bulk-fill composite resins has yet to be determined. Because of 
the higher filler load, it should wear significantly less than low viscosity bulk-fill composite resins. 
However, larger filler particles are used in some of these materials than in hybrid composite resin 
materials.58 This could lead to unacceptable wear, which is a clinical issue that should be addressed 
and investigated. 57 
Polymerization volumetric shrinkage of high viscosity bulk-fill composite resins has been 
found to be higher than their conventional composite counterparts. Polymerization shrinkage stress 
values of these materials ranged from 1.07 MPa to 2.13 MPa.27,69 Modifications to the formulation 
of these materials result yielded the low stress values. Tetric EvoCeram Bull Fill contains pre-
polymerized filler particles functionalized with silane. This inorganic filler has a relatively low 
elastic modulus (-10 GPa), causing it to act like a microscopic spring, attenuating the forces of 
shrinkage stress.73  
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2.4.4. Variable Viscosity Bulk-fill Composite Resins 
 Another category of bulk-fill composite resin is variable viscosity bulk-fill composite 
resins. In the literature, this category is referred to as a high viscosity bulk-fill material as it has 
similar physical and mechanical properties to high viscosity bulk-fill materials and contains 
comparable amounts of inorganic filler particles. These materials reduce their viscosity during 
application for better workability without impacting their properties and wear resistance. These 
materials are placed in the entire cavity without capping with conventional composite resins. 
Variable viscosity bulk-fill composite resins are represented by SonicFill, a highly filled (83.5% 
wt/83% vol.) rheologically modified high-viscosity bulk-fill composite resin that requires a special 
handpiece for application. The handpiece applies sonic energy to the material, which activates 
rheological modifiers in the material’s matrix, causing a viscosity drop of 87%. This massive drop 
in viscosity results in a flowable-like consistency during application and gradually increases to a 
sculptable consistency.74 
2.5.   Mechanical Properties of Composite Resins 
Mechanical properties are the properties of the material that describe its behavior under 
load. Any restorative material should be studied in vitro and clinically to assess its properties. 
These materials should have sufficient mechanical properties to function and service for a 
reasonable time in the oral cavity. 
There are key mechanical properties that are desired in composite resins. These properties 
are directly related to their fracture behavior, deformation, and wear resistance. These mechanical 
properties are ranked according to priority75: 
1. Strength, elastic modulus, fracture toughness, fatigue, indentation hardness, wear abrasion 
(third body), and wear attrition (two bodies) 
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2. Toughness and edge strength (chipping) 
3. Wear determined by toothbrush abrasion. 
Wear resistance of composite resins is highly relevant clinically. Wear of these materials 
impacts their clinical performance and longevity.  
2.6.   Dental Enamel 
Dental enamel forms the outer layer of the anatomic crown of natural teeth. It is composed 
of 94-95% inorganic substances, 4-5% organic and 1-4% water. Its thickness varies based on its 
location on the tooth and the tooth type. The thickness of enamel is higher at the incisal edge of 
anterior teeth (2 mm) and the cusp tips of molars (2.5-3 mm). Its thickness decreases gradually 
toward the cementoenamel junction (CEJ). Enamel is a highly mineralized crystalline structure, 
having hydroxyapatite (90-92 % by volume) as the main constituent in the form of a crystalline 
lattice.76 
Enamel is the hardest and most mineralized tissue in the human body. It serves as the wear-
resisting outer layer of the dental anatomic crown. It forms an insulating barrier that protects the 
tooth from physical, thermal, and chemical forces. It is rigid and brittle in nature, with a high elastic 
modulus of about 30-80 GPa, high compressive strength of 384 MPa but low tensile strength of 
10 MPa.77 
2.7.   Laboratory Fatigue Testing  
Fatigue can be defined as the weakening of a material caused by repeated applied cyclic 
load. The oral environment provides typical fatigue example as chewing cycles and forces are 
repeated throughout life. As with any other restorative material, composite resins are subjected to 
intraoral challenges. These challenges include thermal and mechanical cyclic loads while in 
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function in the oral cavity.78 The cyclic fatigue impacts the physical, mechanical and color 
properties of composite resin. 
Laboratory fatigue testing provides the closest and most necessary simulation to clinical 
scenarios. This in vitro study model is important yet does not substitute clinical trials. It is 
considered as an important predictor of clinical performance of any restorative material.79  
Chewing simulation is a testing technique in which restorative dental materials can be 
fatigued by emulating the intraoral environment. It works well as an in vitro predicator test prior 
to in-vivo studies. Chewing simulators (or emulators) are complex mechanical machines that 
perform a wide range of movements according to preset criteria, accompanied by controlled 
artificial aging with different solutions. There are different types of chewing simulator.  
The chewing simulator CS-4 (SD Mechatronik, Germany) is considered to be a predictable 
and adequate tool to test fatigue resistance of different restorative materials.77 This machine offers 
control over test parameters, is controlled by a computer, can be optionally combined with 
thermocycling and may be used for fatigue testing and wear studies (Figure 1.5).80 
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Figure 1.5: SD Mechatronik chewing simulator. 
2.8.   Wear 
 Wear is defined by the institute of mechanical engineering as the progressive loss of a 
substance resulting from mechanical interaction between two contacting surfaces, which are in 
relative motion.81 The oral environment provides a proper example as the opposing teeth are in 
relative motion and contact. Chemical challenges in the oral cavity add severity to the magnitude 
of resultant wear.82 Wear depends on three broad elements of a system: 
1. The substance (material) structure 
2. The interaction conditions 
3. The environment surface condition 
The mechanism of wear in dentistry is of three main manifestations. These are attrition, 
abrasion, and corrosion. (Figure 1.6) Wear is a complex process and usually involves more than 
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one of these mechanisms. To understand the underlying causes of clinical wear, understanding of 
these mechanisms and their predisposing factors is important.83 All these lesions are not caused by 
bacteria. Attrition and abrasion wear can raise from fatigue and cyclic loading. Attrition is the loss 
of tooth or restorative substance by tooth-on-tooth contact while abrasion is the loss of substance 
through interaction with objects other than tooth on tooth contact. Corrosion is due to a chemical 
reaction between the surface and the oral environment. It can be caused by intrinsic or extrinsic 
acidic challenges.  
Figure 1.6: Mechanisms of wear in dentistry. 83 
2.8.1. Laboratory Wear Evaluation 
Laboratory wear evaluation is a useful testing method for any restorative material and 
provides important data prior to the introduction of these materials to clinical trials and the market. 
Since wear is a complex process, its analysis is difficult. Researchers have focused on developing 
laboratory wear tests that provide accurate and repeatable outcomes that simulate clinical 
scenarios. 84 
21 
Powell and colleagues performed the first in vitro study to evaluate wear in 1975.85 Since 
then, multiple studies have been reported in the literature. A variety of laboratory wear testing 
devices have been developed to simulate the clinical masticatory process. 
In summary, composite resins in either their conventional or bulk-fill form are widely used 
in current practices. There use in posterior teeth is increasing which come with questions regarding 
their physical properties and wear resistance. A considerable amount of in vitro research has been 
published with the purpose of evaluating their properties and potential for successfully clinical 
use. However, their wear resistance over a long period of thermo-mechanical fatiguing has not 
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CHAPTER 2: MANUSCRIPT 
In Vitro Wear of Bulk-fill Composite Resin After Thermo-mechanical Loading 
 
1. Introduction 
Aiming to provide a restorative material with physical and color properties matching 
natural teeth, Rafael Bowen introduced the composite resin in 1957. 1 Over the years, composite 
resins have been continuously improved. Improvements included the introduction of light curing 
capability and changes in composition, including type of resin matrices and inorganic fillers size 
and shape. 2,3 These materials are widely used in today’s dentistry.4 Based on manufacturers' data, 
around 800 million composite resin restorations were placed worldwide with 80% placed on 
posterior teeth in 2015.5 
Polymerization volumetric shrinkage and its resultant stress on the cavity walls has been 
one of the major shortcomings of conventional composite resins.6 Other limitations of composite 
resins are their placement technique sensitivity and time consumption. The polymerization 
shrinkage stresses present several clinical complications. These complications include cusp 
deflection, enamel microcracks and fractures, debonding, sensitivity, secondary caries, and 
pulpal irritation.7–17 Incremental composite resin placement techniques were introduced to 
reduce the polymerization shrinkage.18 However, incremental placement of conventional 
composite resin is a time-consuming and technique sensitive procedure that requires a high level 
of clinical skills. Also, this technique presents a risk of contamination in between the composite 
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resin layers. 
A new class of composite resins was introduced to overcome the drawbacks of 
conventional composite resins. Bulk-fill composite resins are composite resin materials that can 
be placed in a single layer of 4-6 mm thickness. 19 Manufacturers of bulk-fill composite resin 
claim that the materials present improved physical properties and higher wear resistance than 
that of conventional composite resins while simplifying clinical application. Manufacturers were 
able to develop these materials by changing the chemistry of the resin matrix, using different 
inorganic particles sizes and shapes, and the addition of different modifiers and photo-initiations. 
20 
Bulk-fill composite resins can be classified into two main categories based on their 
viscosity. Low viscosity bulk-fill composite resins have low filler load, poor physical and color 
properties when compared to conventional composite resin. These so called bulk-fill flowable 
composite resins require to be capped with a layer of conventional composite resin.21 High 
viscosity bulk-fill composite resins have high filler load, good physical and color properties and 
they do not require capping with conventional composite resins.22 Another category is variable 
viscosity bulk-fill composite resins.23 These materials change their viscosity during application 
while maintaining properties similar to high viscosity bulk-fill composite resins. SonicFill (Kerr 
Corp., USA), which changes its viscosity to a more workable viscosity through sonic activation, 
is the only commercially available materials in this category.24 
One of the major indications for the use of bulk-fill composite resins is restoring 
posterior teeth, especially large cavities.25 These restorations are subjected to high occlusal 
forces which bring concerns regarding their physical properties and wear resistance. A recent 
32 
meta-analysis reported that 12% of conventional composite restorations in posterior teeth will 
have noticeable wear in 10 years.4 While bulk-fill composite resin materials manufacturers claim 
that these materials provide superior wear resistance, limited literature is available on the impact 
of the changes in their formulation on wear resistance. Bulk-fill composite resins use in posterior 
restorations is increasing, which makes it necessary to further investigate their clinical 
performance. Wear of these materials can alter the relationship between opposing teeth and 
compromise the appearance of the restored teeth. 
In vitro thermo-mechanical testing presents a valid approach to assess the properties of 
restorative materials prior to their introduction to clinical trials. The clinical relevancy of this 
approach is established to some extent. Thermo-mechanical testing can help predict the tested 
materials' clinical behavior.26 
The purpose of the present study was to assess the wear resistance of high-viscosity bulk-
fill composite resins and compare it to that of a conventional composite resin and tooth enamel. 
The null hypotheses were that: 
1. There is no statistically significant difference on the amount of wear between 
composite resins and natural enamel after thermo-mechanical loading; and 
2. There is no statistically significant difference on the amount of wear between 
conventional and bulk-fill composite resins after thermomechanical loading. 
2. MATERIALS AND METHODS 
2.1.   Materials: 
 Five composite resin materials were used in this study (Table 1.1): 
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1.  Filtek One Bulk Fill Restorative (FOBFR), 3M Oral Care, USA 
2.       Tetric EvoCeram Bulk Fill (TEBF), Ivoclar Vivadent, Liechtenstein 
3.       Tetric PowerFill (TPF), Ivoclar Vivadent, Liechtenstein 
4.       SonicFill 3 (SF), Kerr Corp., USA 
5.  Filtek Supreme Ultra (FSU), 3M Oral Care, USA 
Tooth Enamel (TE) from recently extracted anterior teeth was used as a control group. 
Table 1.1. Composite resins used in the study 
2.2.   Specimens Distribution and Groups Description:  
 Specimens (N=60) were prepared and distributed into six groups (n=10)  
All composite resin samples’ preparation was done according to manufacturer’s 
instructions at room temperature (23 ± 1ºC) and mounted on stainless steel sample holders using 
acrylic resin. Flat disc-shaped samples were prepared with a diameter of 10 mm and depth of 3 
mm. (Figure 2.1) The inner surface of each holder was roughened using diamond bur prior to 
composite resin placement. Enamel samples were prepared by mounting recently extracted 
Resin composite Manufacturer Resin Filler 
Filler load 
(Weight %) 
Filtek One Bulk 
Fill Restorative, 
A3 
3M Oral Care, St 
Paul, MN, USA 
AUDMA, AFM  
DDDMA  UDMA 
ytterbium trifluoride, silica 
filler zirconia filler, 
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permanent anterior natural teeth flat on stainless-steel holder using acrylic resin. The root of each 
tooth was sectioned at 1 mm below the CEJ to facilitate placement of the tooth in the stainless-
steel holder. (Figure 2.2) The tooth was aligned to have the labial surface as flat as possible. Filtek 
Supreme Ultra  was placed in increments of 1.5 mm and each increment was cured separately 
while the other materials were placed in a single increment of 3-mm thickness and cured per 
manufacturers’ instructions. The DeepCure-S Eliper light curing unit (1.470 mW/cm2) (3M Oral 
Care, USA) was used to polymerize the composite resin samples except for Tetric PowerFill. 
Tetric PowerFill samples were polymerized in 3 s using the Bluephase PowerCure (3050 mW/cm2) 
(Ivoclar Vivadent, Liechtenstein). The composite resin samples were finished and polished using 
polishing discs (Carbimet, Buehler, USA) of 600 and 1200 grits. 





Figure 2.2: Recently extracted permanent anterior tooth mounted on stainless-steel holder.  
Steatite balls (Ø 6 mm, Mechatronik, Feldkirchen-Westerham, Germany) were used as 
antagonists and mounted in sandblasted aluminum sample holders using an acrylic resin. New 
steatite balls were used for each group. The samples were randomly distributed to the chewing 
simulator chambers (CS-4, Mechatronik, Germany). 
All samples were subjected to fatigue. Loading parameters included a 0.5 mm 
indentation with steatite indenter, vertical movement (up- down), 1.4 Hz and a load of 49 N 
using a chewing simulator CS-4 (SD Mechatronik, Germany) for 500,000 cycles at 1.4 Hz, 
which represents approximately 2 years of clinical performance.27  (Figure 2.3) Thermocycling 
was simultaneously performed using distilled water at 5ºC and 55ºC with a 30 s dwell time. 
Samples were inspected for premature failure every 24 h. 
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Figure 2.3: Composite resin sample loaded in chewing simulator chamber.  
 
Impressions of each sample were taken at 1000, 10,000, 200,000 and 500,000 cycles 
with hydrophilic polyvinyl siloxane ((Virtual Light Body Regular Set Wash Material, Ivoclar 
Vivadent). (Figure 2.4) The impressions were digitally scanned with a digital scanner (TRIOS 
3, 3Shape, Denmark). (Figure 2.5) The scans were imported into Geomagic control X software 
(3D systems, USA) for measuring wear volume to a baseline reference scan. (Figure 2.6) 
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Figure 2.4: PVS impression of a composite resin sample. 




Figure 2.6: Wear calculation using Geomagic Control X software. 
2.3.   Scanning Electron Microscope  
 At the end of the study, one sample of each group was randomly selected and processed 
for SEM analysis on a Hitachi S-4700 Field Emission Microscope. They were prepared by 
attaching the sample on a double-stick carbon tape on an aluminum SEM sample holder. The 
samples were coated with a layer of 7.5nm Gold-Palladium (AuPd) alloy conductive coating. 
Operating conditions of Normal mode, 2kV accelerating voltage, 10 microA beam current, and a 
working distance of close to 12 mm was maintained throughout the analysis. SEM pictures were 
obtained to look qualitatively at the wear facets and their surface structure. 
Samples of unpolymerized composite resin of each material used in the study were 
prepared and dissolved in acetone. The samples were then prepared for SEM analysis as described 
above. SEM pictures were obtained to analyze the shape and size of the inorganic filler contents 
of each material. 
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Statistical analysis was performed using analysis of variance (ANOVA) and Tukey’s 
multiple comparison tests for pairwise comparisons at P<0.05 and 95% confidence interval to test 
significant differences in wear volume. Statistical Package for the Social Sciences (SPSS) version 
21.0 (SPSS/IBM, Armonk, NY) was used for statistical analysis. 
3. Results 
 Mean and standard deviation values of volumetric wear (mm3) for each group are 
summarized in Table 2.1. All composite resin materials had significantly more wear volume than 
enamel after 500,000 chewing cycles. When comparing bulk-fill composite resins (Filtek One 
Bulk Fill, Tetric EvoCeram Bulk Fill, Tetric PowerFill and SonicFill 3), all had similar wear 
volume except for Tetric PowerFill which had significantly higher wear volume at p<0.05. All 
bulk-fill composite resins significantly had lower wear volume than conventional composite resin 
(Filtek Supreme Ultra) except for Tetric PowerFill at p<0.05. Thus, the first null hypothesis was 
rejected as well as the second null hypothesis except for Tetric PowerFill which showed no 
statistically significant difference in wear volume when compared to Filtek Supreme Ultra. (Figure 









Table 2.1. Mean (mm3) and standard deviation of volumetric wear per group at each interval. 
  




Volumetric Wear (mm3) 
1000 10,000 200,000 500,000 
Filtek One Bulk Fill 
Restorative 
.007 ± .002 .04 ± .01 .45 ± .06 1.08 ± .11 
Tetric EvoCeram Bulk 
Fill 
.004 ± .003 .02 ± .01 .47 ± .11 1.02 ± .18 
Tetric PowerFill .003 ± .002 .02 ± .004 .58 ± .15 1.22 ± .31 
Sonic Fill 3 .007 ± .003 .03 ± .01 .41 ± .06 1.01 ± .13 
Filtek Supreme Ultra .01 ± .01 .05 ± .03 .65 ± .08 1.48 ± .09 
Tooth Enamel .03 ± .02 .05 ± .03 .17 ± .06 .25 ± .12 
Least squares means for effect-material  
Pr > |t| for H0: lsmean(i)=lsmean(j)  

















Filtek One Bulk Fill 
Restorative 
      
Tetric EvoCeram 
Bulk Fill 
0.9737     
 
Tetric PowerFill 0.0039 0.0302     
Sonic Fill 3 0.8600 0.4169 <.0001    
Filtek Supreme 
Ultra 
0.0008 0.0103 0.9930 <.0001  
 
Tooth Enamel <.0001 <.0001 <.0001 <.0001 <.0001   
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Figure 2.7: Mean (mm3) volumetric wear per group at 500K load cycle. 
4. Discussion 
 The wear resistance of five composite resins, four bulk-fill and one conventional, was 
tested and compared to that of tooth enamel in this in vitro study. Bulk-fill composite resins present 
a more simplified technique yielding improved physical properties which may expedite the 
restoration of posterior teeth. It is important to compare the wear resistance of this new class of 
materials to that of conventional composite resins and tooth enamel. Composite resin restorations 
physical properties and wear resistance are impacted by the accumulation of damage produced by 
cyclic forces (fatigue).28 Therefore, in vitro fatiguing of composite resins is a valid technique to 
increase the clinical relevancy of the generated results.26 This can be done by using simulators that 
cyclically load specimens with simultaneous thermocycling, to emulate the intraoral challenge. 
Including a group of tooth enamel group in this study added an important reference to assess the 
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42 
All the materials studied showed a linear relationship between chewing cycles and wear 
volume. (Figure 2.8) The outcome of wear testing studies is heavily impacted by multiple factors, 
such as wear type, testing equipment, load used, the antagonist material and shape, thermocycling, 
and the tested material.29 Scientists have attempted to simulate chewing movements by having an 
antagonist lowered on a surface, then slid sideways under load, disengaged from the load and being 
moved to the starting point to begin another cycle.30 The mechatronic chewing simulator used in 
the present study represent such a simulator and has been optimized with other similar devices for 
in vitro chewing simulation.31 In regard to the chewing forces applied during simulation, most 
researchers use 5 Kg (49N), which has been reported by Gibbs et al. to be the average chewing 
force under normal function.32 Different materials have been used in the literature as antagonists, 
including : stainless steel, natural teeth, ceramics, steatite , and zirconium oxide. Steatite abraders 
used in this study have shown similar wear behavior and a high degree of correlation to natural 
teeth.33 Also, it has been used in multiple composite resin wear studies. 
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Figure 2.8: Mean (mm3) volumetric wear per group at each interval. 
Many variables are present in laboratory wear testing methods, making it impossible to 
compare the presented results to other studies. The linear trend in wear volume is consistent with 
other studies using the Mechatronik wear testing machine.34,35 The initial wear of composite resins 
tested in this study was similar to that of enamel until the 10,000 cycles, when the gap in wear 
volume began to increase dramatically.  
Bulk-fill composite resins showed similar wear trends to that presented by Roulet et al. The 
study used similar parameters but was limited to 120,000 load cycles.35 Different approaches to 
maximize increment thickness were used by different composite resin manufacturers, yet that did 
not reveal any significant differences except for Tetric PowerFill which was found to wear 
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incorporating a high-molecular-weight AUDMA monomer which decreases the number of 
reactive groups in the resin, resulting in decreased polymerization shrinkage volume leading to 
less stress developed after polymerization. Tetric EvoCeram Bulk Fill and Tetric PowerFill used 
Ivocerin, which is a potent photo-initiator, allowing polymerization of deeper layers at 4 mm 
thickness. Tetric PowerFill was further optimized by including a (β-allyl sulfone) AFCT. AFCT 
reagents work to adjust and control the thermal and mechanical properties of Tetric PowerFill 
when cured in the 3 s cure mode using the Bluephase PowerCure (Ivoclar Vivadent, Liechtenstein) 
light cure unit at high energy (3050 mW/cm2). SonicFill 3 maintains its depth of cure by being a 
highly filled composite resin that requires sonic activation during placement using a special hand 
piece. Tetric PowerFill significant high wear volume when compared to other bulk-fill composite 
resins can be linked to possibly the use of the rapid 3s cure mode impact on the wear resistance of 
the material. The significant improvement in wear resistance in bulk-fill composite resins is 
promising but still does not match that of enamel. Enamel presented the least amount of wear. It 
can be explained by the very dense structure of enamel and the size of hydroxyapatite crystals 
which are much smaller in size than the inorganic fillers in the tested composite resins.  
SEM pictures of the composite resins inorganic content are shown in Figure 2.9. Both 
Filtek Supreme Ultra and Filtek One Bulk Fill are nanocomposites and present clusters of nano 
particles of 0.6 to 10 µm containing particles ranging in size from 4 to 100 nm. Tetric EvoCeram 
Bulk Fill, Tetric PowerFill and SonicFill 3 showed a nanohybrid presentation on the SEM pictures 
where nano particles were combined with larger particles. Tetric EvoCeram Bulk Fill and Tetric 
PowerFill incorporated prepolymerized fillers (PPF) up to 50 µm in size while SonicFill 3 showed 
uniform spherical shaped particles. 
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Figure 2.9 SEM images of the inorganic filler contents of composite resins tested. (70x). 
SEM pictures of the wear facets and scratch patterns of the composite resins and enamel 
are shown in Figure 2.10. All composite resins showed scratch patterns while the wear facet of 
enamel showed no scratches. Filtek Supreme Ultra and Filtek One Bulk Fill presented narrower 
scratch patterns than Tetric EvoCeram Bulk Fill, Tetric PowerFill and SonicFill 3. That can be 
explained by them having only nano particles while the other materials incorporate larger particles 
and are classified as nanohybrid composite. 
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Figure 2.10 SEM images of the wear facets of all tested materials (30x). 
The composite resin samples’ shape used in this study presented a major limitation. A flat 
disc sample shape was used following ISO standards. It lacks the anatomical geometry that 
simulates the clinical application of these materials. It is well known that not all brands are similar. 
Different brands of composite resin offer a wide range of materials with various chemical 
formulations that may result in different wear resistance strength. This in vitro study does not 
substitute the need for well conducted randomized clinical trials. 
Within the limitations of this in vitro study, the following conclusions were drawn: 
• Under the study parameters, enamel was more resistant to wear then all composite resins 
tested. 
• Bulk-fill composite resins presented significantly better wear resistance than the 
conventional resin composite except for Tetric PowerFill. 
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